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Sheatha b s t r a c t
An exact calculation of N2+ and H2+ inﬂux, at cathode surface in N2–H2 discharge, has been derived using
electron impact ionization cross-section at plasma sheath boundary. The analytical formula is very con-
venient in practical applications. Through the analysis of experimental parameters for glow discharge
plasma nitriding, the formula explains, why treatment in an N2–H2 mixture with H2 percentage 70%
gives most enhanced result.
 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
In glow discharge plasma nitriding (GDPN) formation of single
phase (containing a-Fe (N) structure) to multi-phase and multi-
layer nitrided structures (with Fe2-3N (e) + Fe4N (c0)) is controlled
by N2-H2 gas composition [1–5]. It has been established that in
N2-H2 plasma, N2+ and H2+ are most dominant species [6]. The pop-
ulation density of these species is altered by changing N2-H2 gas
composition to obtain the desired micro-structure of the nitrided
layer. The thickness of the diffusion layer and the hardness of
nitrided layer were higher for low nitrogenous gaseous mixture
(e.g. 30% N2-70%H2) [1,2]. This thermo-chemical process of nitro-
gen incorporation in subsurface of steel involves following four
steps. i) supply of the species from plasma to substrate surface
(i.e. cathode) via the collisional sheath, ii) the dominant physical
processes occurring at substrate surface and generation of active
species at the substrate surface, iii) penetration and adsorption of
the nitriding species into the substrate, iv) the hydrogen assisted
diffusion of N.
In this paper, we present a simpliﬁed formula for exact calcula-
tion of N2+ and H2+ inﬂux at cathode surface for dc discharge. Utiliz-
ing this formula and well established results the mechanism of
GDPN has been explained.2. Derivation of formula for N2+ and H2+ inﬂux at cathode surface
The formula has been derived for N2-H2 dc discharge typical for
plasma nitriding. The ﬂow of ions and electrons in the discharge is
shown in Fig. 1. The electron current dominates in the positive
column and ion current inside the cathode sheath region.
The secondary electrons, emitted from the cathode, accelerate
inside the sheath region and cause intense ionization at plasma-
sheath boundary. N2+ and H2+ enter the sheath and accelerate
toward the cathode.
For known value of ion induced secondary emission coefﬁcient
ce and the measured value of the discharge current I through the
circuit, the current due to ions can be estimated as Iion = I/(1 + ce)
[7]. For N2-H2 discharge, ion current Iion is sum of current due to
N2+ and H2+ ions, i.e. Iion ¼ INþ2 þ IHþ2 . However, the ionization of H2
and N2 molecules depends on electron impact ionization cross-
section (r) and partial pressure of the gas. Therefore, the current
due to N2+ at the substrate surface is proportional to ionization
cross-section rN2 and concentration of N2 molecules and expressed
as
INþ2 ¼ Q=t / nerN2 ½N2 ð1Þ
INþ2 ¼ nekN2rN2 ½N2 ð2Þ
Where, Q is total charge, [N2] represents the concentration of N2
molecules and kN2 is the proportionality constant which has the
dimensions of velocity. With similar consideration for the ion cur-
rent due to H2+ ions, the ion current may be expressed as
Fig. 1. Flow of current components in N2-H2 discharge.
Fig. 2. Variation in fractional contribution of current due to N2+ and H2+ ions with
N2%.
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The ionization cross-section of N2 i.e. rN2 is  2.5 times larger than
the ionization cross-section of H2 i.e. rN2 ¼ 2:5rH2 for electron
energy ranging between 30 and 300 eV [7]. Recent experiments
have shown that ions in weakly collisional plasmas containing
two ion species of comparable densities nearly reach a common
velocity at the sheath edge [8]. Therefore, we assumed that
kHþ2 ¼ kNþ2 near the plasma sheath edge and each ion entering the
sheath will ﬁnally reach cathode i.e. the velocity of the H2+ and N2+
ions at plasma sheath edge and on the cathode surface may differ
but ﬂux remains constant. The Eq. (4), for pure H2 discharge i.e.
[N2]=0, simpliﬁed to
Iion ¼ knerH2 ½H2 ¼ IHþ2 ð5Þ
In general, the equation can be expressed as
Iion ¼ IHþ2 ð2:5xþ 1Þ ð6Þ
Where, x = N2/H2 is the ratio of concentration of N2 and H2 mole-
cules and depends on N2-H2 composition of the gas. From Eq. (6)
contribution of H2+ and N2+ ions to the total ion current and hence
the inﬂux of at the cathode substrate may be estimated.
3. Application of formula to GDPN
Detailed analysis of experimental parameters of N2-H2 dis-
charge has been reported explaining the mechanism of plasma
nitriding [9–13]. However, why treatment in an N2-H2 mixture
with H2 percentage  70% gives most enhanced has not been
answered. The Eq. (6) is applied for 0–100% N2 (i.e. x = 0–1) inN2-H2 gaseous mixture and the obtained fractional value of INþ2
and IHþ2 is shown in Fig 2. For pure hydrogen discharge Iion ¼ IHþ2
and with increasing N2 composition in gaseous mixture IHþ2
reduces.
It is shown that for  72 % H2 composition in gaseous mixture
INþ2 ¼ IHþ2 . This is a very signiﬁcant result and therefore it is con-
cluded that for this composition H2+ and N2+ ions are reaching in
equal numbers to the substrate surface. On substrate surface these
ions undergo dissociative chemisorption and therefore the forma-
tion of NH is most favored for 70%H2 in gas composition. Finally,
chemisorption leads to nitrogen incorporation into bulk of the
material by diffusion under favorable conditions [6,11].4. Conclusion
A simpliﬁed formula has been presented for calculation ion
inﬂux of different species to cathode surface in a dc discharge.
The formula applied to GDPN and calculation explains why treat-
ment in an N2-H2 mixture with H2 percentage  70% gives the best
result. This formulation may applicable for plasma with different
gaseous mixtures. Nonetheless, an experiment for direct measure-
ment of inﬂux of different ions is anticipated.References
[1] Karakan M et al. Material Characterization 2003;49:241.
[2] Walkowicz J. Surf. Coat. Technol. 2003;174–175:1211.
[3] Walkowicz J et al. Surf. Coat. Technol. 2004;180–181:407.
[4] Borges CFM et al. Surf. Coat. Technol. 2000;123:112.
[5] Wei R et al. Surf. Coat. Technol. 1996;83:235.
[6] Suraj KS et al. Surf. Coat. Technol. 2007;202:301.
[7] Lieberman MA, Lichenberg AJ. Principle of Plasma Discharges and Material
Processing. New York: Wiley; 1994.
[8] Yip Chi-Shung et al. PRL 2010;104:225003.
[9] Hudis M. J. Appl. Phys. 1973;44:1489.
[10] Tibbetts GG. J. Appl. Phys. 1974;46:5072.
[11] Szasz A et al. J. Appl. Phys. 1989;66:5598.
[12] Priest JM et al. Surf. Coat. Technol. 2001;145:152.
[13] Tamaki Masaya et al. Plasmas & Ions 2000;3:33.
